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Column 12, Lns. 8-11, please cancel the text "18. The system of claim 16, further 
including: the adaptive response circuit providing a control signal to the driver circuit based on 
the variation of the temperature difference." and insert the following claim: 

18. A system for controlling the flow of fluid at a measured rate of flow, comprising: 
a flow sensing assembly, comprising: 

a conduit having walls for containing and transporting the fluid; 

at least two heat detectors mounted at spaced positions from each other on the 
conduit walls and measuring the temperature of the fluid and conduit at the spaced 
positions; 

at least two electrical power applicators mounted on the conduit and allowing 

electrical current to flow in the conduit walls to heat the fluid in the conduit at and 

maintain an established temperature differential; 

a housing body having the flow sensing assembly contained therein; 

a control mechanism for obtaining measurements of the amount of energy furnished to 
the heat applicators to the established temperature differential between the spaced positions; 

an indicator mechanism responsive to the control mechanism providing a measure of the 
fluid flow rate based on the measurements obtained by the control mechanism; and 

a flow regulating valve responsive to the measure of the fluid flow rate to control the 
flow of fluid in the conduit. 
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It is certified that an error appeared in the above-identified patent and that said 
Letters Patent is hereby corrected as shown below. 

Column 12, Lns. 12-14, please cancel the text "19. The system of claim 15, further 
including: a driver circuit applying pulses of electrical current to the electrical power 
applicators." and insert the following claim: 

1 9. A system for measuring the flow of fluid in a conduit, comprising: 

at least two heat detectors mounted at spaced positions from each other on the conduit 
measuring the temperature of the fluid and conduit at the spaced positions; 

an amplifier forming a measure of difference in temperature sensed by the heat detectors; 

a comparator forming a signal representative of the variation of the temperature 
difference measured by the heat detectors from an established temperature differential; 

at least two electrical power applicators mounted at different locations on the conduit and 
allowing electrical current to flow in the conduit walls to heat the fluid in the conduit and 
maintain an established temperature differential between the spaced positions; 

a control mechanism for obtaining measurements of the level of electrical power 
furnished to the power applicators to maintain the established temperature differential between 
the spaced positions; and 

an indicator mechanism responsive to the control mechanism providing a measure of the 
fluid flow rate based on the measurements obtained by the control mechanism. 
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Examiner 
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Docket No. 



057723.000015 



RESPONSE TO OFFICE ACTION 
DATED DECEMBER 20. 2004 



Commissioner for Patents 
P.O. Box 1450 

Alexandria, Virginia 22313-1450 



Sir: 



In response to the Office Action dated December 20, 2004, Applicant responds as 
follows: 

Amendments to the Specification are reflected in the set of instructions which begin on page 2 
of this paper to replace certain designated paragraphs of the application as filed. 

Amendments to the Claims are reflected in the listing of claims which begins on page 7 of this 
paper. 

Amendments to the Drawings are reflected on page 12 of this paper and include proposed 
changes to Figures 1,4, 6 and 1 1 as indicated in the attached sheets. 

Remarks/Arguments begin on page 13 of this paper. 
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AMENDMENT 
In the Title: 

[High Accuracy] Measuring And Control Of Low Fluid Flow Rates with Heated Conduit Walls 
In the Specification: 

Please substitute the following rewritten paragraph 0001 in for original paragraph 0001. 
[0001] The present application is a continuation-in-part of our co-pending U.S. Patent 
Application, "High Accuracy Measuring and Control of Low Fluid Flow Rates," Serial 
No.10/156,402 filed May 28, 2002, now U.S. Patent No. 6,736,005. 

In place of the original paragraph 0001 in view of the corrections indicated below: 
[0001] The present application is a continuation-in-part of our co-pending U.S. Patent 
Application, "High Accuracy Measuring and Control of Low Fluid Flow Rates," Serial 
No.10/156,402 filed May 28, 2002 t. now U.S. Patent No. 6,736,005. 

Please substitute the following rewritten paragraph 0006 in for original paragraph 0006. 
[0006] Briefly, the present invention provides a new and improved system for measuring the 
flow of fluid in a conduit which is transporting the fluid. The system includes a flow sensing 
assembly contained in a housing which reduces unwanted temperature effects on the flow 
sensing measurements. The flow sensing assembly includes a set of at least two heat detectors 
mounted on the conduit in the flow sensing assembly at spaced positions from each other on the 
conduit. The heat detectors measure the temperature of the fluid and conduit at the spaced 
positions. A set of at least two power applicators is mounted on the conduit at different locations 
along the conduit. The power applicators apply electrical power in the form of pulses of 
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electrical current to the conduit to heat the conduit and the fluid in the conduit at an established 
temperature differential between the different locations. A control mechanism measures the 
level of power furnished to the power applicators to maintain the established temperature 
differential, and thus provide an indication of the flow rate based on the energy measured by the 
control mechanism. 

In place of the original paragraph 0006 in view of the corrections indicated below: 
[0006] Briefly, the present invention provides a new and improved system for measuring the 
flow of fluid in a conduit which is transporting the fluid. The system includes a flow sensing 
assembly contained in a housing which reduces unwanted temperature effects on the flow 
sensing measurements. The flow sensing assembly includes a set of at least two heat detectors 
mounted on the conduit in the flow sensing assembly at spaced positions from each other on the 
conduit. The heat detectors measure the temperature of the fluid and conduit at the spaced 
positions. A set of at least two power applicators is mounted on the conduit at different locations 
along the conduit. The power applicators apply electrical power in the form of pulses of 
electrical current to the conduit to heat the conduit and the fluid in the conduit at an established 
temperature differential between the different locations. A control mechanism measures the 
level of power furnished to the power applicators to maintain the established temperature 
differential, and thus provide an indication of the flow rate based on the energy measured by the 
control mechanism. 

Please substitute the following rewritten paragraph 0012 in for original paragraph 0012. 
[0012] Fig. 3 is a cross-sectional view taken along the lines 3-3 of Fig.2. 

In place of the original paragraph 0012 in view of the corrections indicated below: 
[0012] Fig. 3 is a cross-sectional view taken along the linesr 3-3 of Fig.2. 
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Please add the following paragraph. 
[0014] Fig. 5 is a functional block diagram of a flow control system according to the present 
invention. 

Please substitute the following rewritten paragraph 0015 in for original paragraph 0014. 
[0015] Fig. 6 is a schematic diagram of an adaptive response unit of the circuit of Fig. 4. 

In place of the original paragraph 0014 in view of the corrections indicated below: 
[00145] Fig. & 6 is a schematic diagram of an adaptive response unit of the circuit of Fig. 4. 

Please substitute the following rewritten paragraph 0016 in for original paragraph 0015. 
[0016] Fig. 7 is a schematic diagram of a pulse driver unit of the circuit of Fig. 4. 

In place of the original paragraph 0015 in view of the corrections indicated below: 
[00156] Fig. 6 7_is a schematic diagram of a pulse driver unit of the circuit of Fig. 4. 

Please delete the following paragraph 0016. 
[0016] Fig. 7 is a schematic diagram of a flow control version of th e flow rate sensor of Fig. 1. 

Please substitute the following rewritten paragraph 0025 in for original paragraph 0025. 
[0025] In the preferred embodiment, the second heat detector thermocouple 30 is mounted on the 
conduit C between the location of the applicators 18 and 26. It has been found with the present 
invention that a preferable location is midway between the applicators 18 and 26 or at a generally 
central location in the heat transfer section 14. The second heat detector 30 is located a suitable 
spaced distance along the heat transfer section 14 from thermocouple 12 to sense the temperature 
of the conduit C and its fluid contents at a location allowing for a measurable temperature 
differential to exist. The second temperature sensor thermocouple 30 detects any rise in 
temperature of the heat transfer section 14. Thus, for a fixed or given rise in temperature, the 
differential response is not sensitive to changes in ambient temperature of fluid entering the 
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system S. This, in conjunction with the stainless steel material of the conduit C discussed above, 
makes the output of the sensor less sensitive to changes in ambient temperature of the fluid. This 
is in contrast to flow sensors that rely on a change of resistance of the sensing element as the heat 
transfer rate changes with the rate of flow of the fluid. 

In place of the original paragraph 0025 in view of the corrections indicated below: 
[0025] In the preferred embodiment, the second heat detector thermocouple 30 is mounted on the 
conduit 30 C between the location of the applicators 18 and 50 26. It has been found with the 
present invention that a preferable location is midway between the applicators 18 and 30 26 or at 
a generally central location in the heat transfer section 14. The second heat detector 30 is located 
a suitable spaced distance along the heat transfer section 14 from thermocouple 12 to sense the 
temperature of the conduit C and its fluid contents at a location allowing for a measurable 
temperature differential to exist. The second temperature sensor thermocouple 30 detects any 
rise in temperature of the heat transfer section 14. Thus, for a fixed or given rise in temperature, 
the differential response is not sensitive to changes in ambient temperature of fluid entering the 
system S. This, in conjunction with the stainless steel material of the conduit C discussed above, 
makes the output of the sensor less sensitive to changes in ambient temperature of the fluid. This 
is in contrast to flow sensors that rely on a change of resistance of the sensing element as the heat 
transfer rate changes with the rate of flow of the fluid. 

Please substitute the following rewritten paragraph 0026 in for original paragraph 0026. 
[0026] As will be set forth, electrical current flows through the heat transfer section 14 in the 
walls of the conduit C between the electrical contacts 18 and 26 to maintain a specified 
temperature differential between the spaced location of the thermocouples 12 and 30 on the 
conduit C. 
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In place of the original paragraph 0026 in view of the corrections indicated below: 
[0026] As will be set forth, electrical current flows through the heat transfer section 14 in the 
walls of the conduit C between the electrical connectors 20 contacts 18 and 26 to maintain a 
specified temperature differential between the spaced location of the thermocouples 12 and 30 on 
the conduit C. 

Please substitute the following rewritten paragraph 0030 in for original paragraph 0030. 
[0030] The flow conduit 11 is subjected to electrical energy pulses between connectors 18 and 
26. However, the flow conduit 1 1 is insulated from the block by the insulating ferrules 42a and 
42b. Also, the conduit 1 1 is enclosed entirely within the body of the aluminum block 40. Thus, 
there is no electrical conduction to any entity outside the block 40. 

In place of the original paragraph 0030 in view of the corrections indicated below: 
[0030] The flow conduit 11 is subjected to electrical energy pulses between connectors 18 and 
26. However, the flow conduit 1 1 is insulated from the block by the insulating ferrules 42a and 
42b. Also, the conduit 1 1 is enclosed entirely within the body of the aluminum beek block 40. 
Thus, there is no electrical conduction to any entity outside the block 40. 
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This listing of claims will replace all prior versions, and listings, of claims in the application: 

In the Claims: 

What is claimed is: 

1 . (Original) A system for measuring the flow of fluid, comprising: 
a flow sensing assembly, comprising: 



at least two electrical power applicators mounted at different locations on the 
conduit and allowing electrical current to flow in the conduit walls to heat the fluid in the 
conduit and maintain an established temperature differential between the spaced 
positions; 

a housing body having the flow sensing assembly contained therein; 

a control mechanism for obtaining measurements of the level of power furnished to the 
electrical power applicators to maintain the established temperature differential between the 
spaced positions; and * 

an indicator mechanism responsive to the control mechanism providing a measure of the 
fluid flow rate based on the measurements obtained by the control mechanism. 

2. (Original) The system of Claim 1, wherein: 

the housing body is formed of conductive material. 

3. (Original) The system of Claim 2, wherein: 
the housing body is formed of a metal. 




conduit having walls for containing and transporting the fluid; 

at least two heat detectors mounted at spaced positions from each other on the 
conduit walls and measuring the temperature of the fluid and conduit at the spaced 
positions; 
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4. (Original) The system of Claim 3, wherein: 

the metal in the housing body comprises aluminum. 

5. (Original) The system of Claim 1, wherein: 

a first heat detector is mounted on the conduit at a location upstream in the direction of 
fluid flow from the power applicators. 

6. (Original) The system of Claim 1, wherein the heat applicators include first and second 
heat applicators mounted on the conduit at spaced positions from each other and further 
including: 

a second heat detector is mounted on the conduit between the locations of the first and 
second heat applicators. 

7. (Original) The system of Claim 6, wherein: 

the second heater detector is mounted on the conduit midway between the locations of the 
first and second heat applicators. 

8. (Original) The system of Claim 1 , where in the conduit walls have the form of flattened 
ellipses in cross-section between locations where the heat applicators are mounted. 

9. (Original) The system of claim 1, further including: 

a heat exchanger member enclosing the conduit along at least a portion of its extent in the 
housing body. 

10. (Original) The system of Claim 9, further including: 

an insulative sleeve mounted in the housing body between the conduit and the heat 
exchanger member. 
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1 1 . (Original) The system of Claim 1 , further including: 

electrical conductors connecting the heat detectors to the control mechanism; and 

a terminal block on the housing body for mounting the electrical conductors therewith. 

12. (Original) The system of Claim 1, wherein the heat detectors comprises thermocouples. 

13. (Original) The system of Claim 12, further including: 

an amplifier forming a measure of difference in temperature sensed by the heat detector 
thermocouples. 

14. (Original) The system of Claim 1, further including: 

a comparator forming a signal representative of the variation of the temperature 
difference measured by the heat detectors from an established temperature differential. 

1 5 . (Original) The system of Claim 1 , wherein the control mechanism includes : 

an adaptive response circuit forming an indication of the variation of the temperature 
difference. 

1 6. (Original) The system of Claim 1 5, further including: 

a driver circuit applying pulses of electrical current to the electrical power applicators. 

17. (Original) The system of Claim 16, further including: 

the adaptive response circuit providing a control signal to the driver circuit based on the 
variation of the temperature difference. 

18. (Original) A system for controlling the flow of fluid at a measured rate of flow, 
comprising: 
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a flow sensing assembly, comprising: 

a conduit having walls for containing and transporting the fluid; 

at least two heat detectors mounted at spaced positions from each other on the 
conduit walls and measuring the temperature of the fluid and conduit at the spaced 
positions; 

at least two electrical power applicators mounted on the conduit and allowing 
electrical current to flow in the conduit walls to heat the fluid in the conduit at and 
maintain an established temperature differential; 

a housing body having the flow sensing assembly contained therein; 

a control mechanism for obtaining measurements of the amount of energy furnished to 
the heat applicators to the established temperature differential between the spaced positions; 

an indicator mechanism responsive to the control mechanism providing a measure of the 
fluid flow rate based on the measurements obtained by the control mechanism; and 

a flow regulating valve responsive to the measure of the fluid flow rate to control the 
flow of fluid in the conduit. 



HOUSTONU 803 121.1 



Page 10 of 14 



Application No. 10/803,149 
Amendment Dated February 7, 2005 



19. (Original) A system for measuring the flow of fluid in a conduit, comprising: 

at least two heat detectors mounted at spaced positions from each other on the conduit 
measuring the temperature of the fluid and conduit at the spaced positions; 

an amplifier forming a measure of difference in temperature sensed by the heat detectors; 

a comparator forming a signal representative of the variation of the temperature 
difference measured by the heat detectors from an established temperature differential; 

at least two electrical power applicators mounted at different locations on the conduit and 
allowing electrical current to flow in the conduit walls to heat the fluid in the conduit and 
maintain an established temperature differential between the spaced positions; 

a control mechanism for obtaining measurements of the level of electrical power 
furnished to the power applicators to maintain the established temperature differential between 
the spaced positions; and 

an indicator mechanism responsive to the control mechanism providing a measure of the 
fluid flow rate based on the measurements obtained by the control mechanism. 

20. (Original) The system of Claim 1, wherein the control mechanism includes: 

an adaptive response circuit forming an indication of the variation of the temperature 
difference. 

2 1 . (Original) The system of Claim 1 5, further including: 

a driver circuit applying pulses of electrical current to the electrical power applicators. 
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Amendments to the Drawings: 

The attached sheets 1 through 9 of drawings include revisions to Figs. 1, 4, 6 and 11. 
These sheets, which include Figs. 1-1 1, replace the previous sheets 1 through 9. 

In the revised drawings, reference character B and reference numeral 40 have been added 
to Figure 1. Reference characters B and E have been added to Figure 4 as described in the 
specification. Reference numeral 70 has been added to Figure 6 in a manner consistent with 
Figure 4. 

In Figure 11, reference character B has been added, as described in the specification, and 
reference numerals 11a, 1 lb and 1 li have been added as described in the specification. Finally, 
cross-sectional indications have been added to the structure identified with reference numerals 43 
and 44 in accordance with the description of their materials in paragraph [0033] of the 
specification. 
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REMARKS/ARGUMENTS 

Responsive to the Office Action of December 20, 2004, the Examiner's comments and 
the cited art have been noted and studied. Applicant notes the Examiner's indication that 
allowable subject matter is present in the claims. 

The provisional rejection of Claims 1-8 and 12-22 under the judicially created doctrine of 
obviousness type double patenting based on the claims of commonly-owned copending 
application Serial No. 10/165,402, of which Applicants are inventors, is noted. Applicants 
would point out that this co-pending application has now issued as U.S. Patent No. 6,736,005. 

In view of the obviousness-type double patent rejection, a Terminal Disclaimer is 
submitted of even date. Further, paragraph [0001] of the specification has been revised to 
indicate the Patent Number of that now issued co-pending related application. 

With respect to formal matters, a new title has been submitted and the specification 
corrected as requested by the Examiner. The specification and drawings have been reviewed as 
requested by the Examiner, and certain other minor informalities which were noted have also 
been corrected. 

Accordingly, for the reasons detailed above, it is submitted that the matters raised in the 
Office Action of December 20, 2004, have been addressed. Applicant believes that the 
amendments above and the remarks contained herein place the application in condition for 
allowance. Such action is respectfully requested. 
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Applicant requests early notice if there are any outstanding issues that have not been 
addressed in this response. The Commissioner is authorized to charge any additional fees 
incurred in this application to Deposit Account No. 50-0259. Should the Examiner have any 
inquiries concerning this matter, please direct telephone calls to the undersigned at (713) 221- 



BRACEWELL & PATTERSON, L.L.P. 

711 Louisiana, Suite 2900 

Houston, Texas 77002 

713/221-1377 

Fax 713/221-2185 

E-Mail: akimball@bracepatt.com 



1377. 



Respectfully submitted, 




Albert B. Kimball Jr. 
Registration No. 25,689 
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MEASURING AND CONTROL OF LOW 
FLUID FLOW RATES WITH HEATED 
CONDUIT WALLS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application is a continuation-in-part of our 
U.S. patent application, "High Accuracy Measuring and 
Control of Low Fluid Flow Rates" Scr. No. 10/156,402 filed 
May 28, 2002, now U.S. Pal. No. 6,736,005. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to measuring and control of 15 
fluid flow, particularly at low fluid flow rates. More 
particularly, the present invention permits such measure- 
ment and control without introducing measuring sensors or 
devices into the path of the fluid flow. 

2. Description of the Related Art 20 
Measurement of the flow or flow rate of a fluid in a 

conduit, particularly, at very low fluid flow rates, has been 
a problem if attempted using conventional flow sensors. At 
very low flow many fluid sensors do not operate properly. 
For example, velocity flow meters such as turbine wheel 
flow sensors cease to operate due to there being insufficient 
energy in the fluid to rotate the wheel. Differential pressure 
flow sensors can at times operate at low flows, but the 
smaller flow orifices required for low flows have been prone 
to obstruction if there were suspended particles in the fluid. 
Also, pressure drops across the orifices could be significant. 

Most thermal flow sensors have the temperature sensing 
mechanism as a resistance bridge circuit or as a part of the 
entire temperature variant area whereby a change in flow has 35 
the equal and opposite effect on the two halves of the sensor. 
This can have a limiting effect on the range of the sensor and 
ambient temperature changes can affect the accuracy. 

Specialized flow sensing techniques have been attempted 
in certain cases. For example, U.S. Pat. No. 5,035,138 used 40 
a resistive material formed of a special alloy as a tube or 
conduit through which a gas flowed. The special alloy was 
selected because of a high electrical resistivity and a high 
temperature coefficient of resistance. A voltage differential 
was applied to the resistive alloy conduit at defined posi- 45 
tions. The resistive material of the conduit was used to heat 
the fluid flowing in it according to the voltage differential 
applied. The resistive alloy material tube acted both to heal 
the fluid and as an indicator of flow conditions. Spaced 
portions of the tube wall served as temperature sensitive 50 
resistors which developed a voltage differential as flow rates 
through the tube varied. The flow sensor of this patent 
required that the fluid lube or conduit be formed of a special 
resistive alloy having a high change in resistance value as a 
function of temperature change. 55 

SUMMARY OF THE INVENTION 

Briefly, the present invention provides a new and 
improved system for measuring the flow of fluid in a conduit 
which is transporting the fluid. The system includes a flow 
sensing assembly contained in a housing which reduces 
unwanted temperature effects on the flow sensing measure- 
ments. The flow sensing assembly includes a set of at least 
two heal detectors mounted on the conduit in the flow 
sensing assembly at spaced positions from each other on the 
conduit. The heat detectors measure the temperature of the 
fluid and conduit at the spaced positions. A set of at least two 



power applicators is mounted on the conduit at different 
locations along the conduit. The power applicators apply 
electrical power in the form of pulses of electrical current to 
the conduit to heat the conduit and the fluid in the conduit 
at an established temperature differential between the dif- 
ferent locations. A control mechanism measures the level of 
power furnished to the power applicators to maintain the 
established temperature differential, and thus provide an 
indication of the flow rate based on the energy measured by 
the control mechanism. 

The present invention is also adapted to control the flow 
of fluid at a measured rate of flow. A flow regulating valve 
responsive to the measure of the fluid flow is provided to 
control the flow of fluid to a desired flow rate based on the 
measured fluid flow rate. 

The present invention docs not require that any sensing 
devices be placed in the path of fluid flow in the conduit, and 
thus also affords a straight-through flow design for the 
conduit. The present invention requires only a small tem- 
perature differential for flow rale measurement and does not 
degrade temperature sensitive fluids. 

The present invention also makes flow rate measurements 
while causing a relatively low pressure drop. The conduit in 
which flow is measured according to the present invention is 
formed of an electrically conductive material such as stain- 
less steel, and the interior of the conduit may be coated with 
a suitable corrosion-resistant synthetic resin film. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a side elevation view, taken partly in cross- 
section, of a flow rate sensor according to the present 
invention. 

FIG. 2 is a plan view of a conduit in the flow rate sensor 
of FIG. 1. 

FIG. 3 is a cross- sectional view taken along the lines 3 — 3 
of FIG. 2. 

FIG. 4 is a functional block diagram of electronic com- 
ponents of an electrical circuit of the flow rate sensor of FIG. 
1. 

FIG. 5 is a functional block diagram of a flow control 
system according to the present invention. 

FIG. 6 is a schematic diagram of an adaptive response unit 
of the circuit of FIG. 4. 

FIG. 7 is a schematic diagram of a pulse driver unit of the 
circuit of FIG. 4. 

FIGS. 8A, 8B, 8C, 9A, 9B, 9C, 10A and 10B arc graphs 
illustrating performance of a flow rate sensor according to 
the present invention. 

FIG. 11 is an elevation view, taken partly in cross-section, 
of another embodiment of a flow rale sensor according to the 
present invention. 

FIG. 12 is a schematic electrical circuit diagram of 
portions of the flow rate sensor of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

In the drawings, the letter S designates generally a system 
60 according to the present invention for measuring the flow of 
fluid in a direction indicated by an arrow A through a conduit 
C which is enclosed in a housing body B. The fluid may be 
a gas or a liquid, and the present invention is particularly 
adapted for measuring low flow rates of fluid in the conduit 
65 C. As will be set forth, the system S of the present invention 
may sense flow rates of milliliters per minute of fluids, such 
as gasscs or liquids. 
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The conduit C includes an inlet section 10 for incoming 
flow of fluid being measured according to the present 
invention. The conduit C is made of conventional stainless 
steel having low resistance to electrical current, such as 304 
or 316 stainless steel. Such a material has a low thermal 5 
coefficient of resistance, which minimizes change in the 
resistance of the conduit C with change in temperature. The 
inlet section 10 is cylindrical in cross-section for the flow of 
fluid within an interior passageway 11 surrounded by a 
cylindrical tubular wall 10a. In one embodiment of the 
present invention, the inlet section 10 has an outside diam- 
eter of 0.050" and an inner dimension of 0.02". If the fluid 
which is being measured for flow rate according to the 
present invention is a corrosive fluid, the interior wall 10a of 
the conduit C may be coated or sleeved with a suitable 15 
corrosion-resistant material, such as a fluorinated hydrocar- 
bon or other corrosion-resistant synthetic resin film coating. 

A first heat detector or thermocouple 12 or other suitable 
heat sensing device capable of forming an electrical indica- 
tion of sensed temperature is attached by suitable techniques 2 q 
to the inlet section 10. The thermocouple 12 senses ambient 
or reference temperature of the tube inlet section 10 and the 
incoming fluid to be measured in the system S. A heat 
transfer section 14 is formed in the conduit C in the 
downstream direction of fluid flow from a transition area 16 
of the inlet section 10. In the transition area 16, the conduit 
C changes from a cylindrical or tubular cross-section to one 
better adapted for heat transfer as will be set forth. 

A power applicator electrical contact 18 in the form of a 
Monel solder tab or other suitable connector is formed such 30 
as by clamping or laser welding or similar techniques on the 
heat transfer section 14 of the conduit C. The contact 18 is 
in mechanical and electrical contact with the section 14 for 
connection through an electrical conductor 20 to an elec- 
tronic control circuit E (FIGS. 1 and 3) of the system S. In 35 
the preferred embodiment, the conductor 28 is a copper 
braid conductor although it should be understood that other 
suitable electrical conductors may be used. With the present 
invention, the reference temperature sensing thermocouple 
12 is located outside of, and upstream, of the heat transfer 40 
section 14. 

The heat transfer section 14 of the conduit C extends from 
the transition area 16 to a second transition area 22 com- 
municating with a cylindrical outlet portion 24. The conduit 
C reverts to a cylindrical cross- section in the second tran- 45 
sition area 22. A power applicator electrical contact 26 of 
like or similar form to the electrical contact 18 is formed on 
the conduit C in a comparable manner to the contact 18 
adjacent the transition area 22 and the outlet portion 24. The 
electrical contact 26 is connected to the electronic circuit E 50 
by a conductor 28 of like or similar form to the conductor 20. 
A second heat detector or thermocouple 30 or other suitable 
heat sensing device of a same or comparable type to the 
thermocouple 12 is mounted on the conduit C. 

In the preferred embodiment, the second heat detector 55 
thermocouple 30 is mounted on the conduit C between the 
location of the applicators 18 and 26. It has been found with 
the present invention that a preferable location is midway 
between the applicators 18 and 26 or at a generally central 
location in the heat transfer section 14. The second heat 60 
detector 30 is located a suitable spaced distance along the 
heat transfer section 14 from thermocouple 12 to sense the 
temperature of the conduit C and its fluid contents at a 
location allowing for a measurable temperature differential 
to exist. The second temperature sensor thermocouple 30 65 
detects any rise in temperature of the heat transfer section 
14. Thus, for a fixed or given rise in temperature, the 



differential response is not sensitive to changes in ambient 
temperature of fluid entering the system S. This, in conjunc- 
tion with the stainless steel material of the conduit C 
discussed above, makes the output of the sensor less sensi- 
tive to changes in ambient temperature of the fluid. This is 
in contrast to flow sensors that rely on a change of resistance 
of the sensing element as the heat transfer rate changes with 
the rate of flow of the fluid. 

As will be set forth, electrical current flows through the 
heat transfer section 14 in the walls of the conduit C between 
the electrical contacts 18 and 26 to maintain a specified 
temperature differential between the spaced location of the 
thermocouples 12 and 30 on the conduit C. 

The heat transfer section 14 may be flattened, using a 
press or other suitable mechanism, over the extent of the 
heat transfer area from the transition section 16 to the 
transition section 22 for more efficient heat transfer from the 
conduit C to the fluid contained in it. For example, heat 
transfer section 14 is flattened over a length of less than 1 
inch, preferably about 0.40 inch, from the cylindrical or 
tubular shape of the inlet and outlet sections 10 and 24. The 
resulting heat transfer section is a flattened ellipse in cross- 
section, having a lateral extent, as is shown by generally flat 
upper walls 32 and 34. The upper and lower walls 32 and 34 
are connected at their end sections by arcuate side walls 35 
(FIG. 3) about a flattened inner passageway 36 which is 
0.046" wide and 0.020" high. If desired, the heat transfer 
section need not be flattened fully to the flattened ellipse, but 
may be a more oval ellipse, depending on the required 
amount of heat transfer. 

The configuration of the heat transfer section 14 improves 
thermal contact between the heat-bearing mass of the walls 
of the conduit C and the fluid passageway 36 and provides 
for thermal uniformity of the fluid in the conduit C as it 
travels through the heat transfer section 14. As noted, the 
flattened cross- section configuration of the heat transfer 
section 14 may be any suitable degree of elliptical or oval 
shape to achieve the desired heat transfer without introduc- 
ing significant pressure drops over the range of fluid flow 
rates up to the maximum flow rate expected in the fluid 
being measured. 

The flow sensing assembly S is entirely enclosed in a 
conductive metal, preferably aluminum, block housing 40 
(FIG. 11) of the housing body B. The flow conduit 11 is a 
straight through tube with an entrance at one side of the 
block 40 and with an exit at an opposite side 40b of the block 
40. The flow conduit 11 is fully enclosed within and does not 
extend outside of the boundaries of the block 40. As noted 
above, the flow tube 11 does not have externally attached 
healers. Rather, the heating mechanism is accomplished by 
the attachment of electrical connectors 18 and 26 attached 
mechanically and electrically to the conduit C. The conduit 
C is supported at both ends by ferrules 42a and 42b. The 
ferrules 42a and 42b are of a suitable insulative synthetic 
resin, PTFE or graphite type material, both of which are 
excellent insulators. 

The flow conduit 11 is subjected to electrical energy 
pulses between connectors 18 and 26. However, the flow 
conduit 11 is insulated from the block by the insulating 
ferrules 42a and 42b. Also, the conduit 11 is enclosed 
entirely within the body of the aluminum block 40. Thus, 
there is no electrical conduction to any entity outside the 
block 40. 

Further, there should be no conduction of electrical cur- 
rents to the outside environment through the fluid medium in 
the conduit 11. If the fluid medium is liquid such as DI or 
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dcionizcd water, the electrical resistance of the water is very 
high and no significant electrical path is present through the 
water. If the fluid medium is a more conductive liquid such 
as acids, then the fluid conduit 11 may, as noted above, have 
a corrosion protecting and insulating material attached to the 
internal wall of the conduit 11, such as PTFE or comparable 
synthetic resin coating. A synthetic resin coaling of this type 
provides electrical insulation as well as corrosion resistance. 
The use of synthetic resin tubing for making external 
connections also minimizes any stray currents. 

Additionally, any small electrical currents that might 
possibly be induced into the liquid within the conduit 11 are 
conducted to ground as the fluid passes in contact with 
stainless steel fillings 41a and 416 located at entry port 11a 
and exit port lib of the flow conduit 11. The fittings 41a and 
416 are in electrical and mechanical contact with the block 
40. 

A heat exchanger cylinder body 43 is positioned about an 
inlet portion 11/ of the flow conduit 11 before the heat 
detector thermocouple 12. The heat exchanger body 43 is 
formed of a suitable material, such as aluminum or similar 
material. The heat exchanger body is electrically insulated 
from the conduit by a thin insulativc wall section 44 or 
tubing of PTFE or other suitable synthetic resin. The tubing 
44 is placed between the outer surface of the conduit 11 and 
the internal surface of the cylindrical shaped heat exchanger 
43. Any void spaces between the heal exchanger 43 and the 
tubing 44 may, if desired, be filled with a heat sink com- 
pound. This is done to provide close thermal coupling 
between the heat exchanger and the conduit. 

For a fluid entering the inlet port 11a of the flow sensor 
which is at a different temperature than ambient or the flow 
sensor block 40, the heat exchanger 43 allows the tempera- 
ture of the fluid to equilibrate to the temperature of the block 
40 by the time the fluid reaches the temperature sensor 12. 
The heal exchanger cylinder 43 inserted in and in close 
thermal contact with the aluminum block 40. 

Temperature sensors 12 and 30 arc electrically connected 
to a connector terminal block 45. The AT signal developed 
at lines 50 and 52 is, as noted above, the voltage derived 
from the subtracted voltages developed by the temperature 
sensors 12 and 30. The terminal block 45 is mounted within 
a recessed position within the aluminum block 40. Any 
temperature gradient possibly existing or imposed across the 
terminal block connections 45a and 45b might cause the 
thermocouple wire-copper wire junctions to act as new 
thermocouple junctions, which could cause an error in the 
AT signal. The terminal block 45 location in block 40 is 
provided to prevent such a signal error. 

The flow sensor conduit 11, thermocouple heat sensors 12 
and 30, and terminal block 45 are recessed into suitably 
formed receptor cavities of the aluminum block 40. The 
aluminum block 40 has sufficient mass so that the conduit, 
heat sensors, and terminal block experience a minimum of 
temperature distribution gradients as ambient and/or fluid 
temperatures change. Thus, the accuracy of the output 
measurements from the flow sensors arc not affected by 
external environmental conditions. A cover plate to enclose 
the components of FIG. 11 within their respective cavities is 
provided. The contents in each cavity of the aluminum block 
40 are thus scaled with the overlay plate composed of a 
lexon-type synthetic resin or other suitable material. 

Alternatively, the conduit C may be located within an 
outer housing so that the flow of fluid is over the outer 
surface of the conduit C. The outer surface is preferably 
coated with a suitable corrosion resistant material, of the 
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type discussed above. In such a case, the conduit or tube C 
has an outside diameter of 0.050" and has the instrumenta- 
tion connections located within inner portions. The conduit 
C heals the fluid and the outer surface of the conduit C is in 

5 contact with the flow of the fluid for heal transfer in the 
manner described above. This configuration allows use of a 
conduit which lends itself more readily to application of a 
corrosion-resistant coating. Also, scaling between the con- 
duit C and the outer housing is easier to achieve and 

10 maintain. 

The electronic circuit E of the present invention provides 
electrical power in the form of electrical current which is 
furnished to power applicator electrical contacts 18 and 26 
to heat the fluid in the conduit C and maintain an established 

15 temperature differential between the locations of the heat 
detector thermocouples 12 and 30. The thermocouples 12 
and 30 may be, for example, conventional type J or type K 
thermocouples or other suitable types of comparable opera- 
tion and characteristics. The electronic control circuit C also 

20 provides an output that is indicative of the level of power 
furnished to the electrical contacts 18 and 26 to maintain the 
established temperature differential so that a measure of the 
fluid flow rate may be provided by an indicator D. 

In the electronic circuit E (FIG. 4) of the system S, the 

25 thermocouples 12 and 30 are connected by electrical con- 
nectors 50 and 52 to inputs 54 and 56, respectively, of a low 
noise stabilized differential amplifier 58. The differential 
amplifier 58 is a conventional one, a commercially available 
low noise stabilized amplifier of the type providing for 

30 temperature stability of measurements furnished to subse- 
quent amplifier stages. Differential amplifier 58 forms an 
output signal on a lead 60 representing the temperature 
difference AT between that sensed by the temperature sens- 
ing thermocouples 12 and 30 on the conduit C. 

The temperature differential signal on the lead 60 is 
furnished to a first input 62 of a comparator or instrumen- 
tation amplifier 64. The comparator amplifier 64 is part of an 
instrumentation amplifier of the conventional type which 

xo receives at a second input 66 a signal level representing a 
reference temperature differential setting. The comparator 
amplifier 64 forms an output error signal on a lead 68 
representing the variation of the temperature differential 
sensed between the temperature sensors 12 and 30 on the 

j 5 conduit C and the reference temperature differential pro- 
vided to the second input 66. 

Included in or provided to the instrumentation amplifier 
64 is an internal reference voltage that is used to develop a 
temperature set reference applied to the input of the com- 

■ 0 parator amplifier. The instrumentation amplifier 64 also 
provides for control of the gain of the comparator amplifier, 
thus providing control of the gain of the error signal output 
68, the purpose of this function is described in more detail 
below. 

55 The output error signal from the comparator amplifier 64 
is furnished on a lead 68 to an adaptive response circuit 70 
(FIG. 6). The adaptive response circuit 70 includes an 
integrator 70a, an error signal boost amplifier 706, an 
absolute value amplifier 70c, a response boost circuit 70a*, a 

60 summing junction and signal level shift circuit 70c, a pulse 
width generator circuit 70/, a bi-directional switch 70g, and 
a signal response sensitivity modulator 70/i. 

The adaptive response circuit 70 does not use fixed 
filtering or integration time. The tracking response of the 

65 circuit 70 is varied to provide fast response at high flow and 
slow response at zero or near zero flow, which is necessary 
due to the wide range of the thermal response of the flow 
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tube as the flow changes between the maximum and mini- The flow sensor tube has an output that is linear up to some 

mum flow rates of the flow range established for the system level of flow, at which point the sensitivity starts to decline 

S. Additionally, the tracking response is reduced as the rate due to the faster flow rate. This causes the temperature 

of flow approaches zero to provide an output with minimum distribution in the flow tube to be displaced to such an extent 

fluctuations. 5 that the output no longer increases in direct proportion to the 

The input to the adaptive response circuit on line 68 is the flow rate ' However > this eff <*t is reproducible and can be 

error signal developed from the instrumentation amplifier compensate or 

ha *ri» i- ,. fiJ . |U , K . Thus the signal on line 86 is processed by the circuit 

V? ™I T 1S K amP h y A C T Slgn i H° 0S sensi ^ty management circuit TOfcso that at certain prede- 

amphfier70Mhe gain being determined by the amplitude of tcrmined levds of ^ s[ ^ m Hne g6 comro , g . ^ m 

the error signal. At very low amplitude the amplifier 70b has ■<> scm yia Hne ?4 tQ ^ summing 7Qe as lained ^ 
higher gain to increase the response of the flow sensing to a signa , on line 86 is also providcd via line 87 t0 lhe 
very small change in flow rates. At a predetermined higher instrument amplifier 64 as the flow rate increases and 
amplitude of the error signal, the gain of the amplifier 70b sensitivity to flow change decreases, at predetermined lev- 
is reduced. The amplifier 70b provides a signal on conductor els. The gain of amplifier 64 is increased to compensate and 
71 which is bi-directional. The signal on conductor 71 is 15 provide an error signal that has the same sensitivity to flow 
processed by the absolute value amplifier 70c to produce a rate change, regardless of the flow rate. This results in a fast, 
single polarity signal regardless of the polarity of the signal smooth response of the system over the whole flow range, 
on line 71. The purpose is to generate a control signal on Without the compensation of adaptive response circuit 70, 
conductor 72 that is responsive to the magnitude of the error the system response would be sluggish at high flow and 
signal as it deviates from zero volts. An error signal at a level 20 would overshoot or be out of control at very low flow rates, 
of zero volts represents equilibrium of the flow sensor The adaptive response circuit 70 allows this flow sensor S to 
systems. operate having a greater dynamic range that is normally 

tu« A « r re ™ r ii presented. The term "turn-do wn-ratio" is know in the indus- 

The output of amplifier 70c on hne 72 goes a response f as ^ ratio of ^ maximum flow minjmum flow 

doosi circuit ma. tne response ooost circuit iw nas no capabilities of the flow sensor. The turn-down-ratio of flow 

output until the input on line 72 exceeds a predetermined sensing according t0 tne present inV ention has been dem- 

level. At such a time, the output on a line 73 increases to a onstrated to be relatively high, on the order of 200 or greater, 

level that forces the flow sensors to rapidly track a fast The combined effect of the adaptive response circuit 70 

changing flow rale. When the error signal drops below the allows the flow sensor to perform in a controlled manner to 

predetermined level, the output of response boost circuit 70a* present an output that has a smooth, fast response over an 

drops to no output and in effect slows the fast response of the 30 extended flow range. 

system to prevent overshoot of the response. The output signal from adaptive response circuit 70 is also 

An output signal on a line 74 from the sensitivity modu- furnished to a linearization and output circuit 72 where the 

lating circuit 70h becomes active when the flow rate is at or response signal is linearized and put in a suitable format, 

very near zero. The signal on conductor 74 also is provided „ such as a suitable level of volta S e of direct currenl °" 5 v 

to the summing junction 70c. The signal on line 74 has the 35 Linearization and output circuit 72 may, for example, be in 

effect of reducing the effects of control signals on lines 72 one e r mbodimcnt > a multi-step correction circuitry, consist- 

o«h ti i n o ™,7™n^ -ru 0 „ ° • • „ : , na ing of conventional operational amplifiers, that modu ales 

ana 15 in a controlled manner. 1 he summing circu t 70c ° , 4 c . .„ » A tL t ' A r . . 

. , nn n ^ t r 7C 4 . i j.u the output of circuit 70 so that the output of circuit 72 

provides an output on line 75 that goes to a pulse width n „ _ . e * a -a 

v _ ftr K represents an accurate indication of flow and provides a 

generator 7U/ 40 suita51e , cve , outpul signal 

The magmtude of the signal on line 75 causes the pulse Th e output signal from circuit 72 is provided for storage, 

generator to develop a pulse output on conductor 76 that has processing and display purposes in a suitable indicator or 

a duty cycle of 0-96% dependent upon the control voltage display D? which may have a suitable record-keeping 

input to the generator 70/ The pulse on line 76 turns switch mechanism or memory associated therewith. The display D 

70g on and off according to the duration of the pulse width. 45 may be, for example, a Model 250 display available from 

The pulse width generator 70/is preferably a commercially McMillan Company, Assignee of the present application. If 

available integrated circuit normally used in high efficiency desired, the response signal may be converted into digital 

power supplies. The switch 70g applies and isolates the f orma i f or d j g j ta] processing, computation and storage in a 

continuity of the error signal to the integrator circuit 70a. suitable display D. The display output from the output 

The time constant of the circuit 70a is determined by the 50 circuit 72 represents the present value of the flow rate sensed 

values of a resistor 70/ and a capacitor 70/ This time 0 f fluid in the conduit C by the system S according to the 

constant can be increased by the percent of duty cycle of the present invention. 

pulse width generator output as controlled by the previously The output response from 70a of amplifier 70c of adaptive 

described input signal characteristics. The time constant of response circuit 70 is furnished over conductor 86 to a 

the integrator is now represented by the equation: 55 voltage-to-frequency converter 74. The voltagc-to- 

Timc constam=A? 7H( -C 70 y% duty cycle frequency converter 74 lakes the form, for example, of the 

voltage-to-frequency portion of a commercially available 

The polarity and also the rate of change of the tracing phase-locked loop. It can be any suitable, commercially 

response of integrator 70a is controlled by the magnitude available vol tagc-to- frequency, or V/F, converter. The level 

and polarity of the error signal of line 68 applied to switch 60 of the output response from amplifier 70c of the adaptive 

70g. Thus the tracking response of the circuit 70 is rcpre- response circuit 70 causes an appropriately correlated varia- 

sented by the equation: tion in the output frequency of a signal on conductor 76 from 

the converter 74. The output frequency from the converter 

^5?) P ° nSe Rage=err ° r Signal voltage/(/? - C ^ % duty 74 is furnished to a pulse driver circuit 80. The voltage-to- 

65 frequency converter 74 is provided with a signal at a zero 

The output of adaptive response circuit 70 on line 86 is input 82 and a span input 84, respectively, for calibration 

fed back to the signal sensitivity management circuit 70h. purposes. * i if* ^ 9 20^ 
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The pulse driver circuit 80 (FIG. 7) receives drive pulses changes. A current applied across such a resistance dissi- 

ovcr connector 76 from vol tagc-to- frequency converter 74. pates energy in the form of heal that increases the tcmpcra- 

Thc pulse driver circuit 80 is connected through conductors t urc 0 f the material. 

20 and 28 to electrical connectors 18 and 26, which arc ~ . , . . r . f 
mounted with the tube or conduit C. The pulse driver circuit « Even thou S h thc resistance of the short section of conduit 

80 includes an electrical switch 80a, preferably a MOSFET 11 1S vcr y sma11 ' 11 sl,n functions very well as a heater 

switch, a power regulator 80/? connected to a suitable power provided the power source has a sufficiently low resistance 

source and a storage capacitor 80c storing electrical energy for efficient transfer of electrical energy. Because of thc very 

for flow as current pulses through thc tube C. The pulse low resistances involved, thc power driver circuit of thc 

driver circuit 80 also includes a pulse shaping and stabili- present invention has vcry low internal resistances, as arc 

zation circuit 80c/ and a pulse driver circuit 80e. Thc pulse required. 

driver circuit 80 is a low impedance pulse driver providing FIG. 12 is a simplified schematic electrical circuit dia- 

ZZ SE ST Wh , en r SWUch 8 °* ,S COn : gram of thc circuit to explain this. Referring to FIG. 12, in 

ductivc. Operation of switch 80a is at a frequency governed ° . . ,. , . , ' 

by thc output frequency of thc voltage/frequency converter ™ c ^ am P |c the oomtancd resistance of conductor wires 20, 
circuit 74. Thc low voltage, high current pulses from the 15 28 ' 81a ' 81 *' 81c ' 8U swllch 80a ' and internal and ,cad 

pulse driver circuit 80 now through thc walls 32 and 34 of wirc resistances of capacitor 80c is approximately 0.012 

the flattened heat-transfer section 14 of thc conduit C ohm. To provide small amounts of average power to control 

between thc connectors 18 and 26. 10 a vcr y lin y fraction of a degree Fahrenheit of temperature, 

Thc pulse shaping and stabilization circuit 80a* receives a ful1 P ower is applied for a vcry short duration of time. In thc 
pulse from thc voltage/frequency converter 74 on line 76 at 20 present invention, power is applied for 25 microseconds per 

a rate governed by thc magnitude of thc signal from thc pulse. With fixed voltage, current, and pulse width, each 

adaptive response circuit 70. Thc pulse shaping and stabi- pulse imparts thc same amount of energy to the heated part 

lization circuit 80a* converts pulses received to precision 0 f thc conduit 11. The amount of heat required to maintain 

width pulses on output line 77 of approximately 25 micro- equilibrium of temperature with different flow rates of a fluid 

secondsjhe pulse on line 77 is received by thc pulse driver 25 . fl ^ conlro n cd by the frequcncy of the pulscs 

circuit 80e that further provides the signal requirements of ,. . 4 . ~, j . .... . . , 

appropriate level and form over conductor 78 to drive thc *W? ,cd t0 thc COnduit Thc hcatin S circuit 18 sub J cclcd 10 

input of power MOSFET switch 80a. The output pulscs on hl S h currem P ulscs ' lhe cner Sy bcin 8 su PP h cd by thc storage 

line 78 from pulse driver circuit SOe turn the MOSFET capacitor 80c. The energy lost by the capacitor 80c is 
switch 80a on and oflT in a vcry short duration of time to 30 restored by a much lower current and during a longer period 

avoid power losses during the on and of! transition time of of lime between pulscs. 

the switch. FIGS. 8A and 9A are basic response curves of a flow rale 

Thc pulse driver circuit 80 delivers precision, high peak scnsor according t0 thc prescnl invenlion l0 the now of watcr 

energy pulscs to thc stainless steel flow-tube C to rapid y and . ■ M ... f tU n , . . , ™ , 

nrnpfjniii n a ,u n -j „ • ■ ■. and ^ respectively, at thc flow rates indicated. Thc data 

precisely heat thc lube C and thc fluid flowing in it. « , . . ' , . ,. . 

Operation of pulse driver circuit 80 results in low average shown was obtaincd dunn 8 preliminary testing and was 

power being consumed; low energy losses; and the heat obtained from thc values and dimensions of the indicated 

energy applied being proportional to thc flow of the fluid. fiow tuDC C. Refinements and dimensional changes are 

When flowing liquids, considerable energy is required to expected to improve operating parameters for different flow 

raise the temperature of thc flowing liquid, as compared to rates and fluids. These figures illustrate a sensitive response 

air. Thc heating conduit C, having a low electrical resistance, 40 to flow changes at low volume flow rates of these fluids, 

requires an efficient drive circuit capable of precision heat- FIGS. 8B and 9B represent thc responses of FIGS. 8A and 

ing with a minimum loss of energy dissipated in other parts 9A respectively, after linearization. Thc linearized 

of the circuitry The pulse driver circuit 80 is capable of scs indicate thc ac oblaincd wilh ^ flow 

controlling thc large differences in power required when f( , ;. n 

flowing high and low rates of liquids and gasscs. 45 ™ r of the present invention at known input flow rates. In 

Thc present invention may also be used to provide a flow addition, FIGS. 8C and 9C indicate thc accuracy obtained in 

control system F (FIG. 5). In the flow control system F like tne dala of FIGS 8B m * 9B > respectively, as a percentage 

structure to that of the system S functioning in a like manner of full scale readings. 

bears like reference numerals. In the flow control system F, FIGS. 10A and 10B arc plots of test data similar to that of 

thc output signal from thc linearization and output circuit 72 50 FIGS. 8A and 9A, with water and dicscl fuel being thc liquid 

of thc electronic circuit E is furnished to an electrically flowi al the millili tcrs/minulc ratcs indicated . Comparable 

operated flow control valve 90 located in thc conduit C _ ° , - 4 . . . , . „ T ~ C - AA K . 

downstream from the heat transfer section 14. Thus, as thc " y ^ , I T mdlCa ! ed m FIGS C ^ ^ d 108 

flow rate of thc fluid in thc conduit C varies, thc electronic to tnc resulls d,scussed abovc and shown in FIGS. 8A and 

circuit E provides indications to thc flow control valve 90 to 55 9A> 

regulate thc rate of flow of the fluid through thc conduit C The present invention can be seen to provide a sensitive, 

to a desired level. Row control valve 90 may be of a accurate thermal flow sensor for fluids and gasscs. Thc flow 

conventional type or of a type available from the Assignee sen sor of thc present invenlion is a simple mechanical 

of the present application, McMillan Company. dcvicc wnich indicates a widc dynam i c flow range. Thc flow 

IZZ: Whi c at first appearance to some, thc practice of attach- ™™ cr.u •■ ,. , ; . . 

g% ing electrical power to a conduit wall ofvery short length 60 SCnSOf S °/ lh f C prCSCn ; I " vcnU H on ^ g IfT" ' ^ 

^ may seem to be a short circuit, and normally would, as the prec ! S !° n hcalin S contro,s ; 3x16 can be conslructcd of rcadll y 

^ resistance of thc conduit 11 in the enclosed embodiment of available components at low cost. 

thc present invention is in the order of 0.020 ohm. This, The foregoing disclosure and description of thc invention 

however, is not the case as those skilled in thc art may arc illustrative and explanatory thereof, and various changes 

CO recognize. All metallic materials have some finite resistance 65 in thc size, shape and materials, and components, as well as 

~J across a specified volume of their mass. Generally, this in the details of thc illustrated construction may be made 

2jC resistance changes to some degree with temperature without departing from thc spirit of the invention. 
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What is claimed is: 

1. A system for measuring the flow of fluid, comprising: 
a flow sensing assembly, comprising: 

conduit having walls for containing and transporting 
the fluid; 

at least two heat detectors mounted at spaced positions 
from each other on the conduit walls and measuring 
the temperature of the fluid and conduit at the spaced 
positions; 

at least two electrical power applicators mounted at 
different locations on the conduit and allowing elec- 
trical current to flow in the conduit walls to heat the 
fluid in the conduit and maintain an established 
temperature differential between the spaced posi- 
tions; 

a housing body having the flow sensing assembly con- 
tained therein; 

a control mechanism for obtaining measurements of the 
level of power furnished to the electrical power appli- 
cators to maintain the established temperature differ- 
ential between the spaced positions; and 

an indicator mechanism responsive to the control mecha- 
nism providing a measure of the fluid flow rate based 
on the measurements obtained by the control mecha- 
nism. 

2. The system of claim 1, wherein: 

the housing body is formed of conductive material. 

3. The system of claim 2, wherein: 
the housing body is formed of a metal. 

4. The system of claim 3, wherein: 

the metal in the housing body comprises aluminum. 

5. The system of claim 1, wherein: 

a first heat detector is mounted on the conduit at a location 
upstream in the direction of fluid flow from the power 
applicators. 

6. The system of claim 1, wherein the heat applicators 
include first and second heat applicators mounted on the 
conduit at spaced positions from each other and further 
including: 

a second heat detector is mounted on the conduit between 
the locations of the first and second heat applicators. 

7. The system of claim 6, wherein: 

the second heater detector is mounted on the conduit 
midway between the locations of the first and second 
heat applicators. 

8. The system of claim 1, where in the conduit walls have 
the form of flattened ellipses in cross-section between loca- 
tions where the heat applicators are mounted. 

9. The system of claim 1, further including: 

a heat exchanger member enclosing the conduit along at 
least a portion of its extent in the housing body. 

10. The system of claim 9, further including: 

an insulative sleeve mounted in the housing body between 
the conduit and the heat exchanger member. 

11. The system of claim 1, further including: 
electrical conductors connecting the heat detectors to the 

control mechanism; and 
a terminal block on the housing body for mounting the 
electrical conductors therewith. 

12. The system of claim 1, wherein the heat detectors 
comprises thermocouples. 

13. The system of claim 12, further including: 

an amplifier forming a measure of difference in tempera- 
ture sensed by the heal detector thermocouples. 

14. The system of claim 1, further including: 

a comparator forming a signal representative of the varia- 
tion of the temperature difference measured by the heat 
detectors from an established temperature differential. 

15. The system of claim 1, wherein the control mechanism 
includes: 

an adaptive response circuit forming an indication of the 
variation of the temperature difference. 
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16. The system of claim 15, further including: 

a driver circuit applying pulses of electrical current to the 
electrical power applicators. 

17. The system of claim 16, further including: 

the adaptive response circuit providing a control signal to 
the driver circuit based on the variation of the tempera- 
ture difference. 

18. The system of claim 16, further including: 

the adaptive response circuit providing a control signal to 
the driver circuit based on the variation of the tempera- 
ture difference. 

19. The system of claim 15, further including: 

a driver circuit applying pulses of electrical current to the 
electrical power applicators. 

20. The system of claim 1, wherein the control mechanism 
includes: 

an adaptive response circuit forming an indication of the 
variation of the temperature difference. 

21. A system for controlling the flow of fluid at a 
measured rate of flow, comprising: 

a flow sensing assembly, comprising: 

a conduit having walls for containing and transporting 
the fluid; 

at least two heat detectors mounted at spaced positions 
from each other on the conduit walls and measuring 
the temperature of the fluid and conduit at the spaced 
positions; 

at least two electrical power applicators mounted on the 
conduit and allowing electrical current to flow in the 
conduit walls to heat the fluid in the conduit at and 
maintain an established temperature differential; 
a housing body having the flow sensing assembly con- 
tained therein; 
a control mechanism for obtaining measurements of the 
amount of energy furnished to the heat applicators to 
the established temperature differential between the 
spaced positions; 
an indicator mechanism responsive to the control mecha- 
nism providing a measure of the fluid flow rate based 
on the measurements obtained by the control mecha- 
nism; and 

a flow regulating valve responsive to the measure of the 
fluid flow rate to control the flow of fluid in the conduit. 

22. A system for measuring the flow of fluid in a conduit, 
comprising: 

at least two heat detectors mounted at spaced positions 
from each other on the conduit measuring the tempera- 
ture of the fluid and conduit at the spaced positions; 

an amplifier forming a measure of difference in tempera- 
ture sensed by the heat detectors; 

a comparator forming a signal representative of the varia- 
tion of the temperature difference measured by the heat 
detectors from an established temperature differential; 

at least two electrical power applicators mounted at 
different locations on the conduit and allowing electri- 
cal current to flow in the conduit walls to heat the fluid 
in the conduit and maintain an established temperature 
differential between the spaced positions; 

a control mechanism for obtaining measurements of the 
level of electrical power furnished to the power appli- 
cators to maintain the established temperature differ- 
ential between the spaced positions; and 

an indicator mechanism responsive to the control mecha- 
nism providing a measure of the fluid flow rate based 
on the measurements obtained by the control mecha- 
nism. 
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